We report here the 1.62 Å crystal structure of an intramolecular quadruplex DNA formed from a sequence in the promoter region of the c-kit gene. This is the first reported crystal structure of a promoter quadruplex and the first observation of localized magnesium ions in a quadruplex structure. The structure reveals that potassium and magnesium ions have an unexpected yet significant structural role in stabilizing particular quadruplex loops and grooves that is distinct from but in addition to the role of potassium ions in the ion channel at the centre of all quadruplex structures. The analysis also shows how ions cluster together with structured water molecules to stabilize the quadruplex arrangement. This particular quadruplex has been previously studied by NMR methods, and the present X-ray structure is in accord with the earlier topology assignment. However, as well as the observations of potassium and magnesium ions, the crystal structure has revealed a highly significant difference in the dimensions of the large cleft in the structure, which is a plausible target for small molecules. This difference can be understood by the stabilizing role of structured water networks.
INTRODUCTION
Quadruplex nucleic acids are higher-order structures containing tracts of short guanine-repeats (G-tracts). These structures are formed from one, two or four strands by the self-association of these guanines (1) (2) (3) , which are involved in stable hydrogen-bonded arrangements (G-quartets). These have two or more G-quartets stacking on one another to form the core platform in all quadruplex structures. The core G-quartets in turn are held together by the intervening sequences; for example the most common intramolecular type of quadruplex is formed by a sequence of type
where G a-d represent the G-tracts and X n,o,p are intervening sequences, which form defined loop arrangements. Such quadruplex sequences are found, for example, in telomeric DNA and RNA (4) , as well as in a large number of genomic sites (5,6) especially promoter (7-9) and 5 0 -untranslated RNA sequences (10) (11) (12) . Alkali metal ions (K + > Na + > Li + ) are well-established to play a crucial role in the stabilization of Gquadruplexes (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , whereas Mg 2+ ions, by contrast with duplex nucleic acids, has been reported not to do so (27) . A recent report though, provides evidence that whereas telomeric quadruplexes are destabilized by Mg 2+ ions, promoter quadruplexes are stabilized by them (28) . NMR (17, (20) (21) (22) (23) (24) and extensive crystallographic data (29) (30) (31) (32) (33) (34) has shown that the O6 oxygen guanine substituents in a G-quartet coordinate the metal ions so that they occupy the centre of a channel formed by successive G-quartets, in a linear or quasi-linear assay. The nature of the coordination is dependent on ionic radius. Thus K + ions have exclusively bi-pyramidal anti-prismatic arrangements that involve the ion being at the centre of two successive G-quartets. Smaller Na + ions, by contrast, are able to be coordinated in a square planar arrangement within a single G-quartet, although in practice Na + ions are found at varying positions relative to G-quartet planes. Recent K + titration experiments have suggested that for human telomeric quadruplexes, folding requires more than the number of K + ions required for the channel alone (35) .
The presence of the alkali metal ions is essential for the folding of a quadruplex, and the nature of the ion involved can profoundly alter the particular topology that is formed. This has been extensively explored in particular for intramolecular telomeric quadruplexes, but is not explicable by any minor changes in the ion channel on exchanging, for example, K + to Na + . The 22-mer four-repeat human intramolecular telomeric quadruplex forms a well-defined anti-parallel quadruplex in Na + solution (36) as revealed by NMR studies, having one lateral and two diagonal loops. By contrast a variety of forms have been observed for K + -containing four-repeat human intramolecular telomeric quadruplex sequences, sometimes with propeller and lateral loops or as in the case of that found in a crystal structure, all-propeller loops and parallel topology (37) (38) (39) (40) (41) . The precise mechanistic role of metal ions in producing these transitions, or indeed in overall quadruplex stabilization, has not been apparent. It has long been known though that stabilization does require a higher concentration of ions than would be required solely for formation of an ion channel. Except for supporting the G-quartets in the channel of quadruplex, are there any other roles that ions are able to play in inducing folding or stabilizing the final structure?
We have approached this problem by focusing on an intra-molecular quadruplex (c-kit1) from the c-kit promoter, which has been previously characterized by NMR methods (42, 43) , initially in order to ascertain the extent to which crystal and NMR structures would agree, and as a prelude to more detailed structure-based ligand design studies. The c-kit gene and its protein product play an important role in several human malignancies, notably gastro-intestinal (GIST) tumours and there has been considerable interest in down-regulating c-kit expression by directly intervening at the promoter level, by stabilizing one or other of the quadruplexes encoded in the c-kit promoter with small molecules (44, 45) . The c-kit1 quadruplex sequence has a unique occurrence in the human genome and modelling studies have suggested that the structure itself may also be unique (46) . The crystal-structure analysis presented here has confirmed the overall topological features as found by NMR, although there are a number of significant structural differences in those regions of the quadruplex that could be of especial importance for ligand binding. In addition the resolution of this structure, combined with the exceptional quality of the diffraction data, have revealed a number of novel and unexpected features about the structural role of metal ions, which have relevance to the stability of quadruplexes in general.
MATERIALS AND METHODS

Crystallization and data collection
A brominated uridine residue was incorporated into the c-kit1 quadruplex sequence d(AG 3 AG 3 CGC[ Br U]G 3 AGG AG 3 ), which was synthesized and purified as described previously (29) , in order to aid crystallographic phasing. This sequence is identical to that used for the NMR studies, apart from the Br U residue replacing a thymine. A 2 mM DNA solution was used, containing 20 mM potassium cacodylate buffer at pH 6.5 and 50 mM potassium chloride and heated to 358 K before annealing by slow cooling to room temperature. Crystals were grown by the hanging drop vapour diffusion method. An amount of 1 ml of a premixed drop solution containing 10% MPD, 10 mM magnesium chloride, 50 mM potassium chloride, and 50 mM sodium cacodylate at pH 6.5, was added to 1 ml of c-kit1 DNA solution at a concentration of 2 mM. The drop solution was equilibrated against a 50% MPD well solution at 283 K. A few crystals appeared after 2 months but required a seeding protocol in order to obtain reproducible crystals. These had large thin flat plate morphology. Two datasets were collected at 105 K on two single flash-frozen crystals at the Diamond synchrotron facility. SAD data was collected at a wavelength of 0.9198 Å (the theoretical SAD wavelength of bromine), and a native dataset was collected at a wavelength of 0.9763 Å .
Structure solution and refinement
The positions of two bromine atoms were determined by Patterson methods. Phases were subsequently calculated by the SHELX-C/D/E program (47), using the SAD dataset. Two further peaks, with a $3.5 Å separation, were tentatively identified as a pair of channel potassium ions in one quadruplex structure. Some of the stacked G-quartets could be recognized at this stage. The Gquartets extracted from the human telomeric quadruplex crystal structure (PDB code 1K8P) were modified to obtain an initial model for electron-density fitting. Molecular Replacement utilized the revised quadruplex model was sufficient to determine the relative configuration of the two quadruplex structures completing one asymmetric unit. Other parts of the quadruplex structures were progressively built on the basis of the 2F o -F c and F o -F c difference electron density maps derived from the 20-2.8 Å diffraction data. This was followed by the location of the majority of the water molecules. Finally, the 1.62 -Å data set collected at the native wavelength (0.9763 Å ) was used for high-resolution refinement, and the other K + ions and Mg 2+ ions were unequivocally assigned by considerations of coordination numbers and coordination distances. After further refinement the complete water network could be seen clearly. A total of 212 water molecules are included in the final structure. Final R and R free values are 0.166 and 0.213, respectively. Coordinates and structure factors are available from the PDB as entry 3QXR. Diffraction data were processed by the SCALE program in the CCP4 package (48), and COOT (49), PHASER (50) and REFMAC5 (51) were used in the processes of model fit, building and refinement. Programs CHIMERA (52) and PYMOL (53) (http:// www.pymol.org) were used for visualization and analysis. Table 1 details crystallographic data. A movie showing the details of the crystal structure can be downloaded from http://www.bmsg.ulsop.ac.uk/ people/DengguoWei.html.
RESULTS
Overall features of the structure
The c-kit1 crystals reported here are in space group P2 1 2 1 2, and have two independent quadruplexes in the asymmetric unit (A and B) that are stacked on each other in a head-to-head manner ( Figure 1a ). Each 22-base DNA sequence folds into a parallel four-stranded G-quadruplex. The isolated non-G-tract guanine (G10) is embedded in the G-quartet core, and there are four loops in the structure (Figure 1b) . Two single-residue linkers (A5 and C9) form two propeller (double-chain reversal) loops that bridge three G-quartet layers. C11 and Br U12 form the third loop, which connects two G-quartet corners (G10 and G13). The stem-loop formed by the five-residue sequence A16-G17-G18-A19-G20 allows the terminal G21-G22 to be inserted back to the G-quartet core. These two quadruplex structures have a high degree of structural conservation, which extends to the five-residue long loop, ions, the structural water molecules and the hydrated water molecules. The main differences between quadruplexes A and B are in the detailed conformations of the residues at the quadruplex dimer stacking interface (A1, C11 and Br U12) (Figure 2 ). The cytosine base of C11 adopts two distinct conformations (syn and anti) in Quadruplex A, and both have been included in the deposited structure, with half-occupancy for each.
A potassium ion bridges between loop residue C11 and G-quartet residue G21 and the related water molecular network
In addition to the expected potassium ions in the central ion channel, the high quality of the electron density in this crystal structure has revealed the existence of potassium ions located in the loops and grooves (Figure 3) . Thus, two well-defined non-channel K + ions are associated with each quadruplex, situated close to the exterior surface but playing key roles in maintaining the structural integrity of particular regions. They are involved in extensive intramolecular contacts, but play no direct role in packing interactions between quadruplexes in the crystal lattice. Thus they may be considered as integral to this quadruplex structure.
One K + ion in each independent quadruplex is sandwiched in a groove and sits symmetrically between a phosphate oxygen atom of C11 and the O4 0 deoxyribose sugar ring atom of G21, with coordination to both oxygen atoms (Figure 3a and b) . This K + ion is octahedrally coordinated, with four water molecules in an approximately square-planar arrangement in addition to the two direct quadruplex contacts, and two of them interact with the phosphate group of Br U12 in quadruplex A (Figure 3a) and one with Br U12 in quadruplex B ( Figure 3b ). Thus this K + ion directly plays a role in maintaining the conformation of the C11-Br U12 loop and is in a virtually identical position in the two quadruplexes (Figure 3a and b) .
This K + ion is also at the nucleus of an array of well-ordered water molecules that extends side-wards and upwards. The network forms pentagons and hexagons that fill most the available space around the ion. One especially crucial water molecule (HOH211 in quadruplex A: Figure 3a ; HOH45 in quadruplex B: Figure 3b ) in this network bridges between the phosphate group of G10, the exocyclic N2 group of G7 and the O4 0 atom of G8, thus maintaining the particular conformation of the single-nucleotide loop formed by C9. The K + ion and its associated water networks also link four G-quartet residues (G7, G8, G10 and G21) to two loops (the C9 propeller loop and the C11/ Br U12 lateral loop), contributing to the stability of the overall quadruplex structure. This K + ion in Quadruplex A together with five water molecules forms a discrete hexagonal array and a two-pentagon array in quadruplex B. In quadruplex A, the most distant of these water molecule (HOH65) from the K + ion, directly coordinated to a Mg 2+ ion in an adjacent groove, effectively linking the two metal ions through two spines each of three water molecules ( Figure  3a and b) .
The second non-channel K + ion in each quadruplex
The complete shell of water molecules around the second non-channel K + ion in each quadruplex is visible in the electron-density maps and this ion is in distinct environments in the two quadruplexes (Figure 4a and b) . This suggests that whereas the role of the first K + ion discussed above is an invariant feature of the structure, other K + ions are more able to adopt several distinct positions. This second K + ion in Quadruplex A bridges between the O4 0 atom of A5 and a phosphate oxygen atom of G7 (Figure 4a ), maintaining the conformation of the A5 single-nucleotide loop. The second K + ion in Quadruplex B, together with a water molecule, bridges between A16 and G15 in the stem-loop (Figure 4b ), forcing the bases to adopt a pronounced tilt.
The potassium ions in the channel
Each quadruplex has two K + ions in its central ion channel. These two parallel channels do not form a continuous straight line, but are separated by $1.5 Å . The K + ions channel are all octahedrally coordinated through the G-quartet edges to guanine O6 atoms, as expected. The interface between the two quadruplexes comprises a ABr UBr U-C quartet with 2 nt arising from each quadruplex. This quartet is bounded by a fifth channel K + ion with low mobility and two adjacent water molecules ( Figure 2 ) which forms direct contacts with O6 atoms of G2, G6, G10 and G13 of Quadruplex A, and coordinates with O4 of Br U12 in Quadruplex B as well as two other water molecules.
The Mg 2+ ions in the crystal structure Two Mg 2+ ions have been identified in the structure, each associated with the corresponding quadruplex. They are in closely similar environments, and are briefly discussed above in relation to an adjacent K + ion. Both have direct contact with an oxygen atom of the G21 phosphate group (Figure 3a and b) . In Quadruplex A, a single water molecule bridges between the Mg 2+ ion and the G22 phosphate group (Figure 3a) , whereas in Quadruplex B, several water molecules are involved in bridging (Figure 3b) . Although it appears that these two Mg 2+ ions are involved in maintaining structural integrity to the same extent as the K + ions, they have close electrostatic interactions with phosphate groups, suggesting that their role is secondary, helping to shield the anionic charge of the phosphate groups.
The conserved water molecules in the two crystallographic quadruplexes
The water molecules form extensive extended networks, with a number of waters being highly conserved between the two independent quadruplexes. There are well-ordered spines of hydration in the quadruplex grooves which are not detailed here, but are shown in the movie. Several of the conserved water molecules are responsible for some of the major differences between the NMR and crystal structures (Figure 5a ). The most pronounced difference involves the large cleft between the stem-loop and the adjacent G-quartet. This cleft is closed up in the crystal structure, by $7 Å compared to the NMR models (Figure 5a ). This is manifest in a number of conformational differences, which are most pronounced for nucleotides A19 onwards, and are most likely due to the presence of conserved networks of bridging water molecules, such as are shown in Figure 5b . Here, 3 nt (A16, G17 and A19) are held together across the cleft by hydrogen bonding involving several water molecules that are conserved in the two independent molecules in the crystallographic asymmetric unit, HOH43, 56 and 112. A number of other waters in the grooves are also conserved, although they do not play structural roles to the same extent. Table 2 details backbone and glycosidic torsion angles in the crystal and NMR structures for the terminal 7 nt. It is notable that differences between the two crystallographic quadruplexes are insignificant for most of the angles, and the largest deviations (32-39 ) are for three bonds at the G18/A19 interface. These differences are still not large and do not make a significant difference to the conformations of these two residues. On the other hand there are some large differences in individual torsion angles within the ensemble of NMR models in this general region, affecting residues G18, A19 and G20. These differences are much greater than those involving the crystallographic one, up to 200
Conformational features
, and are mostly indicative of phosphate group flexibility. Table 2 shows that the largest differences between crystal and NMR are also involving the same residues G18, A19 and G20. It is striking that all the torsion angles in the NMR ensemble that indicate the greatest flexibility are among those with the largest differences between NMR and crystal structure torsion angles. The net effect of these differences is that the large cleft is much narrower in the crystal structure, by $7 Å and A19 is moved in concert with this change (Figure 5a ), where it is involved in the hydrogen bonding network detailed above (Figure 5b ).
DISCUSSION
This is the first report of any crystal structure for a promoter quadruplex. It is gratifying to note that the structure shows broad correspondence with the NMR structure. This gives added confidence to structure-based design studies and also shows that the dichotomy between crystal (29) and solution structures (37) (38) (39) (40) (41) that is apparent for human telomeric quadruplexes (albeit with subtly distinct sequences), is not generally applicable to other eukaryotic quadruplexes.
The high quality of the electron density in this c-kit1 crystal structure has enabled both non-channel potassium and magnesium ions to be unequivocally located. The fact that some of these have closely similar positions and coordination patterns in both crystallographically independent quadruplexes suggests that these are not artefacts of the crystal lattice but are inherent components of this particular quadruplex and play a role in maintaining its topology and detailed pattern of loop conformations/ cleft geometry. The differences between the NMR and crystal structure that are centred around A19 and the cleft are real and indicative of the relative lack of nOe signals in the NMR spectrum for this part of the structure. The fact that a well-defined and conserved water structure has been identified, gives further credence to the crystal structure showing the detail that the NMR analysis is less able to fully represent. The key structural roles of a number of water molecules are reminiscent of the sequence-dependent spine of hydration in B-form duplex DNA (54) . The role of water in stabilizing particular structural features of quadruplexes is likely though to be more structure-dependent.
Does the present finding of structured K + ions provide insight into the observations of major conformational and topological change found for a number of quadruplexes on changing the nature of the ion [e.g. (36) (37) (38) (39) (40) (41) ]? The present crystal structure cannot indicate whether the role of the loop potassium ions is in kinetic control (the folding process) or in thermodynamic control (final stabilization). What however is clear is that the structural role for K + ions in this structure is dependent on the ionic radius of this ion and its ability to form coordination contacts in the range 2.6-3.2 Å . Na + ions, by contrast, typically form coordination contacts that are $0.3 Å shorter. This would bring the K + -coordinated nucleotides G10 and G21 almost 0.6 Å closer (Figure 3a and b ): whether such a difference would cause large-scale structural changes in the quadruplex remains to be established by further experimental and computational approaches (55) (56) (57) . Compared with the well-resolved NMR spectrum of the ckit-1 quadruplex in K + solution (43) , the broad and unresolved envelope spectrum of its counterpart in Na difficult displacing bound K + ions in the ckit-1 quadruplex crystal structure, and (ii) that this structure is very stable. The role of magnesium ions in stabilizing this particular quadruplex has been previously noted (28) , with the finding that the addition of Mg 2+ did not change topology, as shown by CD spectra, but increased thermodynamic stability, as indicated by the changes in T m values. This is in accord with the present finding of a discrete structural stabilizing role for Mg 2+ ions.
ACCESSION NUMBER
3QXR. Average estimated standard deviations in the crystal structure are likely to be ±1-2 . The NMR deposition in the PDB (PDB id 2KYP) comprises an ensemble of 11 structures. The first NMR structure in the ensemble was taken as a 'representative' example (Model 1: NMR1 in the table). The differences between the smallest and largest individual torsion angles in the 11 NMR structures (Á NMR ) are shown, as well as the differences between the two quadruplexes A and B in the asymmetric unit (Á cryst ) and the differences between NMR and crystal structures. The eight angles that show the greatest differences (>100 ) between NMR and crystal structure, are highlighted in bold (defined as jNMR1-QuadAj and jNMR1-QuadBj).
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